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transistors has also been successfully achieved. By taking advantage of the high crystal quality derived from the parent van der Waals bulk compound, our findings about the exfoliated Ta2(Pd or Pt)3Se8 nanowires demonstrate a new pathway to access single-crystal 1D nanostructures for the study of their fundamental properties and the exploration of their applications in electronics, optoelectronics, and energy harvesting.
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The application of micromechanical exfoliation to obtain graphene has demonstrated the convenience of achieving few-layer or even single-layer atomic sheets with unsurpassed quality and largely protected intrinsic properties. 1, 2 Such success has led to a surge of interest in socalled 2D "van der Waals (vdW)" material, often referred to as layered compounds with the building blocks of 2D atomic sheets bonded together by weak vdW interaction. Thinned down to atomic level micromechanically, 2D material in this category often exhibit extraordinary electrical, optical, thermal, mechanical, chemical and biological properties due to quantum confinement and surface effects from the reduced dimension, exemplified by graphene which exhibits extremely high electron mobility and room temperature quantum Hall effect 3 .
Monolayer and few-layer semiconducting 2D vdW materials including transition metal dichalcogenides 4, 5 and black phosphorus 6 have shown admirable electrical switching performance. Moreover, indirect-to direct-band gap transition 7 from bulk to monolayer and the "valley" nature of the conduction carriers 8 in transition metal dichalcogenides show great potential for the application of optoelectronics and spintronics. Recently, stacking various types of 2D vdW atomic sheets together to form heterostructures has produced even more exotic properties, such as the strong coulomb drag in graphene-hBN structure 9 , the record-high mobility and quantum oscillation in MoS2-hBN 10 and black phosphorus-hBN structure 11 , and more.
Although micromechanically prepared 2D vdW material has led to an explosion of discoveries and exciting physics, the extension of exfoliation from 2D vdW materials to 1D has remained unproven. Previously, to obtain 1D nanostructured material, various synthesis methods have been adopted, such as Arc-Discharge, 12 Vapor-Liquid-Solid (VLS) Mechanism, 13 Chemical Vapor Deposition (CVD), 14 Hydrothermal Reaction, 15 Molecular Beam Epitaxy (MBE), 16 Laser Ablation 17 and Electroless Metal Deposition and Dissolution (EMD) 18 . However, these methods often bring complexity to the resulting 1D nanostructures compared to the bulk, such as surface contaminations, lattice defects, and poor chemical stability (degradation in ambient environment). These issues alter or obscure intrinsic properties and limit potential applications. Especially in the case of semiconducting materials, one would expect nanowires to provide excellent controllability of electrical and optical properties originating from the semiconducting band gap. However, regardless of the various synthesized semiconducting nanowires, there are only a few types of nanowires whose synthesis issues are resolved and show promise with regard to functional electrical or optical devices, such as the quantum devices of single-wall carbon nanotube [19] [20] [21] , the high-performing field-effect transistors of silicon nanowire 22 , light emitting device based on direct-gaped group III-V/nitride compound 23, 24 or ZnO 25 nanowires. Therefore, new methodology to prepare high quality 1D nanostructures is needed to further advance 1D materials research.
Here we propose a new strategy of obtaining 1D nanostructure with direct fabrication from high quality bulk material, in order to avoid the problems inherent in conventional synthesis.
Indeed, like the aforementioned 2D vdW materials 26, 27 a wide range of materials can be viewed as 1D vdW material, for example, the binary tetradymite M2X3 (M=Sb, Bi, X=S, Se), the ternary chalcogenides M2X3Y8 (M=Ta, Nb, X=Ni, Pd, Pt, Y=S, Se) and more. These materials have an essentially linear crystal structure with bonding strengths between and within the linear structures (which we here call 'ribbons' to reflect their geometry) that can differ by ~20 times.
The feasibility of separating atomic-level thin ribbons from the bulk using micromechanical exfoliation has been theoretically predicted. 28 In this paper, we use isostructural Ta2Pd3Se8 (TPdS) and Ta2Pt3Se8 , and the crystal structure can be viewed as a framework of molecular ribbons extending along the c axis as shown in Figure 1a The temperature dependence of bulk resistivity from 300 K to 16 K was measured and showed nonmetallic behavior, i.e. resistivity increases with decreasing temperature as shown in Supplementary Figure S3 , implying possible semiconducting electronic properties. It has a low resistivity value, ~0.054 Ω·cm at room temperature, close to the value of heavily doped silicon and germanium. [33] [34] [35] The bulk crystals appear to have a fibroid nature, and they separate easily into microscopically thin wires if pressed between two microscope slides. The resulting thin wires can be clearly seen with scanning electron microscope (SEM) as shown in Figure 1b .
To understand such structurally dissociative behavior, the spatial distribution of charge density for bulk TPdS was simulated as shown in Figure 1с . The molecular-ribbons in TPdS bulk have an inter-ribbon bonding energy of 0.34 eV/atom, whereas the average intra-ribbon bonding energy is about 5.7 eV/atom, i.e. seventeen times stronger. This large difference in bonding strength is also consistent with the difference in bond lengths for inter-ribbon Pd-Se (2.6 Å) and intra-ribbon Pd-Se (2.47 Å), as labeled in Figure 1a . Although the inter-ribbon bonding strength is about 30 times stronger than the weakest form of vdW bonding, (London dispersion bonding ~0.01 eV/atom), it is comparable to hydrogen-bond type vdW forces; for example, hydrogen bonding between water molecules is about 0.24 eV/atom. Therefore, we expect that the existence of the weak vdW bonding between molecular-ribbons provides an opportunity to cleave bulk crystal into thinner wires mechanically, similar to the exfoliation of other 2D vdW materials.
2,36
Indeed, atomically thin TPdS nanowires can be obtained using microexfoliation. We used adhesive tape to split a bulk TPdS crystal several times before press-transferring onto a thermally oxidized silicon wafer (285 nm SiO2). The TPdS nanowires left on the substrate after the exfoliation process can be easily identified with an optical microscope. TPdS nanowires exhibit different colors corresponding to different thickness as shown in Supplementary Figure S4 , similar to the case of exfoliated 2D vdW material. 37, 38 Nanowires with diameters ranging from hundreds to a few nanometers (as thin as 1.2 nm) can be further identified by atomic force microscopy (AFM) as shown in Figure 1d . The majority of the identifiable exfoliated nanowires on Si substrate possess a length/diameter ratio larger than 100. According to our calculations, with a proper size of the band gap TPdS nanowire is expected to be a good candidate as a channel material for field-effect transistor (FET).
In order to study the semiconducting properties of TPdS nanowire, we fabricated FETs with a back gate layout, in which the SiO2 layer is used as the dielectric layer separating the back gate, i.e., the heavily doped silicon underneath. Contacts to the TPdS nanowires, acting as source drain electrodes, were 30 nm Pd fabricated using electron beam lithography followed by electron beam evaporation. Figure 4a shows the AFM image of a typical TPdS FET device, which is based on a 13.8 nm TPdS nanowire. Before the electrical transport measurements, TPdS FET devices were annealed at 180 °C in argon for 2 hours to improve contact quality and to remove any possible organic residue. Gate sweeps at room temperature for this specific TPdS device are displayed in Figure 4b , showing an n-doped characteristic. At 1 V source-drain bias, the device can be switched off, with an off-state current near 2×10 -11 A at back gate voltage (Vbg) of -60 V. When the back gate is set to +60 V, the on-state current reaches 1.75×10 -7 A, which corresponds to a current density of 1.0×10 5 A/cm 2 comparable to the reported value of silicon nanowires. which becomes small enough to be unnoticeable at room temperature.
In Figure 4d , we plot the temperature dependence of source-drain current at different fixed gate voltages from +30 V to +80 V and the source-drain bias set to 0.2 V. We notice that, for all gate voltages, the temperature dependence of the current has two distinct behaviors above and below 140 K. This implies that carrier transport in these two regimes is governed by different mechanisms. Above 140 K, the temperature dependence of current follows a thermal activation model, which can be verified by fitting the data with For temperatures below 140 K, thermal activation of electrons to the conduction band is suppressed and the transport is dominated by hopping conduction. 43 In disordered 1D systems at low temperature several different hopping models, including Mott's variable range hopping, nearest neighbor hopping and Efros and Shklovskii variable range hopping (ES-VRH), have been proposed. [44] [45] [46] We notice strong coulomb interaction between electrons exists in our TPdS nanowires, evidenced by a differential conductance anomaly at low bias (see Supplementary Figure S10 ). Therefore we expect the ES-VRH model, with characteristic equation 47 is about 9 nm in our TPdS nanowires, which is an acceptable value for 1D materials, such as disordered single wall carbon nanotube. 49 As mentioned in the TEM study, we find that as-exfoliated TPdS nanowires are stable in air with preservation of good crystallinity. To further test their stability, an uncoated TPdS FET device (with 14.5 nm TPdS nanowire) was examined repeatedly over a period of 40 days by recording its transconductance as shown in Supplementary Figure S11 . Unlike other types of nanowire, the TPdS FET exhibits nearly unchanged performance while exposed to air over this time period.
With the same process, we also fabricated FETs using TPtS nanowires and characterized their room temperature performance. As indicated in Figure 4e , the transconductance for a 18- 
